Prenatal exposure to teratogenic substances, such as nicotine or alcohol, increases the risk of developing attention-deficit/ hyperactivity disorder (ADHD). To date, studies examining this relationship have used symptom scales as outcome measures to assess the effect of prenatal exposure, and have not investigated the neurobiological pathways involved. This study explores the effect of prenatal exposure to cigarettes or alcohol on brain volume in children with ADHD and typically developing controls. Children with ADHD who had been exposed prenatally to either substance were individually matched to children with and without ADHD who had not been. Controls who had been exposed prenatally were also individually matched to controls who had not been. For prenatal exposure to both smoking and alcohol, we found a pattern where subjects with ADHD who had been exposed had the smallest brain volumes and unexposed controls had the largest, with intermediate volumes for unexposed subjects with ADHD. This effect was most pronounced for cerebellum. A similar reduction fell short of significance for controls who had been exposed to cigarettes, but not alcohol. Our results are consistent with an additive effect of prenatal exposure and ADHD on brain volume, with the effects most pronounced for cerebellum.
Introduction
Prenatal exposure to teratogenic substances, such as nicotine and alcohol, is associated with long-term negative effects on cognition and behavior. [1] [2] [3] [4] [5] [6] One behavioral sequel is an increased risk of developing attention-deficit/hyperactivity disorder (ADHD). In fact, exposure to these substances is currently one of the more vigorously investigated environmental risk factors for ADHD. 3, 5, 7, 8 The biological mechanisms underlying the association may be diverse, [9] [10] [11] but it is generally assumed that prenatal exposure disrupts early brain development and that its effects continue over development. 1, 12 However, to date studies investigating the association between prenatal exposure to teratogenic substances and ADHD have been based on behavioral ratings and have not assessed the neurobiological substrates underlying the association.
Prenatal maternal cigarette smoking or use of alcohol potentially carries several risks to the developing brain. Both are known to alter placenta functioning indirectly and may cause hypoxic events. 1, 10, 13, 14 The greatest immediate threat associated with cigarette smoking comes from nicotine, through its interaction with nicotine acetylcholine receptors. 1, [9] [10] [11] Acetylcholine is an important regulator of cell survival, neuronal path finding and targeting, migration, and the generation of neural circuits in the developing brain. 1, 9, 15 Direct effects of alcohol on prenatal brain development include interference with neurotrophic factors and cell adhesion molecules, altered glial maturation, and dysregulation of cell migration. 14, 16, 17 Cell damage and loss may be caused by oxidative stress, excitotoxicity or by apoptosis mediated by glutamergic antagonism. 14, 16, 18 In the longer term, the cerebellum may be particularly vulnerable to prenatal exposure to both nicotine and alcohol. The cerebellum shows a protracted developmental pattern, 19 potentially rendering it vulnerable to the effects of prenatal exposure over a relatively long period. In utero reductions in the size of cerebellum have been reported for fetuses of mothers who smoked during pregnancy. 20 The developing cerebellum may be also be particularly sensitive to the effects of alcohol exposure, as alcohol has been shown to lead to cell death of Purkinje cells in particular. 14, 21, 22 Structural neuroimaging studies have reported brain changes related in both ADHD and prenatal alcohol exposure that show striking similarity, suggesting that prenatal exposure to teratogenic substances may, in some cases, have a role in aberrant brain development in ADHD. Reductions in the volume of the whole brain, cerebellum and caudate are replicated findings in children prenatally exposed to alcohol, 13, 17 and in ADHD. 23, 24 Structural neuroimaging studies of children exposed prenatally to nicotine are scarcer, but those available have reported reductions in volume of similar brain regions, including of total brain, and prefrontal cortex.
genetically mediated rather than caused by exposure per se. 4, [28] [29] [30] These results could be taken to suggest gene Â environment interaction (G Â E), but have generally been interpreted as more convergent with G Â E correlations or pleiotropic effects of genes related to both ADHD and substance use. 28, 30 Indeed, the currently available evidence does not suggest a large role for G Â E, 4, 30 but rather suggests additive effects of risk genes and prenatal exposure. 4 One important implication of these studies is that they suggest that detecting the effect of an environmental risk factor in isolation is likely to be difficult. 29, 30 This study is a naturalistic study of the effects of selfreported maternal smoking and alcohol use during pregnancy on global brain volumes in children with ADHD and typically developing controls. We compared brain measures derived from anatomical magnetic resonance imaging scans from subjects with ADHD who had been prenatally exposed to cigarettes or alcohol to those from subjects with ADHD who had not, and to those from typically developing controls who also did not have a history of prenatal exposure. Given the results from behavioral genetic studies, we hypothesized a stepwise pattern where we expected the largest volumes for typically developing controls, followed by subjects with ADHD who had not been exposed to teratogenic substances prenatally, and smallest volumes for subjects with ADHD who had. We expected this pattern to be most pronounced for cerebellum, given its hypothesized increased vulnerability to prenatal exposure to teratogenic substances. To investigate the specificity of these results to ADHD, we conducted a second analysis where we compared brain volumes from typically developing controls who had been exposed prenatally to controls who had not. Here, we hypothesized that we would find similar effects of exposure on brain volume, but that these would be attenuated in magnitude compared with the effects for children with ADHD and prenatal exposure.
Participants and methods
Participants. Participants in this study were selected from a large longitudinal case-control cohort study of brain development in ADHD and typically developing controls including approximately 300 children. The institutional review board approved the study and its procedures. Subjects with ADHD for this cohort were recruited from the outpatient clinic for Disruptive Disorders at the University Medical Center Utrecht, and only after they had received a clinical diagnosis of ADHD. Controls were recruited from elementary schools in the wider Utrecht area. Written informed consent was obtained from parents after full disclosure of the study purpose and procedure. Children provided written and/or verbal assent. The Diagnostic Interview Schedule for Children Version IV (DISC-IV), parent version 31 was administered to either the mother or to both parents in order to confirm the clinical diagnosis of ADHD of any subtype (ADHD group) or to exclude the presence of any psychiatric morbidity (controls). Parents filled out the Child Behavior Checklist, 32 to provide a dimensional measure of behavioral symptoms. Controls were excluded if they met criteria for any psychiatric diagnosis or if they had first-degree relatives with a history of psychiatric problems. Children with ADHD were excluded if they met DISC-IV criteria for a co-morbid disorder other than oppositional defiant disorder or conduct disorder. Exclusion of ADHD subjects because of this criterion was rare, as children with more complex clinical presentations including multiple diagnoses were generally not referred to the study. In both groups, additional exclusion criteria were any major physical or neurological disorder or the presence of metals in the body that precluded the magnetic resonance imaging session. Intelligence quotient (IQ) was assessed using the Revised or Third Edition of the Wechsler Intelligence Scale for Children (Dutch version). 33 At inclusion, parents were sent a questionnaire on family psychiatric history, pregnancy and delivery, which they filled out at home and returned to us via mail or in person during a visit to the department. These questionnaires were typically filled out by the mother. This questionnaire included questions on maternal use of alcohol, cigarettes and other drugs of abuse during pregnancy. The mother was asked whether she had taken the substance in question during pregnancy. If she indicated that she had, she was asked to estimate the number of units (drinks, cigarettes) she had used. Mothers could report the number of units per day, week or month. Estimates were recalculated to number of units per week, which was multiplied by the duration of pregnancy in weeks to acquire an estimate of total use. Birth weight (BW) of the child was also taken from the questionnaire. Questions on the prevalence of psychiatric diagnoses in first-degree family members were used to calculate a proxy for familial psychiatric load. The questionnaires were screened for data quality. This screening preceded the matching procedure and involved checking whether questionnaires were filled out completely and that there were no written comments indicating that parents had not followed the instructions while filling out the questionnaire. Most parents had fully completed the questionnaire. Questionnaires with many missing data or ambiguous answers were reviewed by two of the authors (PdZ and RS or FZ) and were only carried forward on consensus on the validity of the reported data. For this study, the answers to the questions on substance use during pregnancy were required to be present (77% met this criterion). For controls, total IQ and mean parental education was slightly lower in the data sets that did not meet this criterion than in those that did (16.4) ). No such demographic differences were present for subjects with ADHD.
Alcohol exposure was low in comparison with the extant literature (see Table 1 ). We set the cutoff for inclusion as a case in the group exposed to alcohol at a minimum of two drinks per month. There were two controls and one case with ADHD for whom prenatal alcohol and cigarette exposure were both reported. Given the small number of cases involved, we included these three subjects in the analyses for both exposures. The mothers of 16 subjects with ADHD (one girl) and 13 controls (two girls) reported cigarette use during pregnancy. The mothers of 11 subjects with ADHD (only boys) and 14 controls (five girls) reported alcohol use during pregnancy. For the individual matching procedure, good (1676) 1788 (1915) 2065 (1676) 1788 ( 3042 (571) 3688 (372) 3362 (624) 3710 (549) 3414 (750) 3278 (548) 3531 (319) 3362 (624) 3513 ( 3523 (673) 3619 (380) 3180 (659) 3935 (853) 3606 (290) 3554 (536) 3606 (352) 3180 (659) 3553 ( Prenatal exposure and cerebellum volume P de Zeeuw et al quality questionnaire data were available for 132 unexposed subjects (74 controls, 58 subjects with ADHD).
Matching procedure. Subjects with ADHD and prenatal exposure to either substance were individually matched to subjects with ADHD and typically developing controls who had not been prenatally exposed to either substance from our cohort study. Controls with prenatal exposure were individually matched to controls without. Although a 2 Â 2 factorial design would have been the design of choice for this study, this was not feasible as we had only limited numbers of subjects with a history of prenatal exposure in the cohort. There were substantial differences in demographic variables between subjects with ADHD and controls who had been exposed for both cigarette and alcohol exposure, prohibiting the use of such a design. Matching was performed blind to medication status of the ADHD participants and to pre-or perinatal complications other than exposure. Subjects were always matched to subjects of the same gender. We performed two rounds of individual matching; one where socioeconomic status (SES) was given priority as a matching criterion and a second where BW was used as the more pressing criterion. First, we matched for SES as this should provide the most parsimonious (if not full) control for confounding issues such as postnatal developmental environment, 34 and maternal nutritional status, 35 both of which correlate with SES. The second matching by BW was performed to investigate the specificity of the findings to prenatal exposure, by controlling for general prenatal adversity, for which BW is often considered a proxy.
In the first round of matching, for each prenatally exposed subject, the subject most similar in terms of gender, age at magnetic resonance imaging and SES (mean duration of parental education) was selected from the cohort with the criterion that no prenatal exposure was reported for the latter. In the second round of matching, the same procedure was followed, but a match for BW was given priority over a match for SES. If BW was already optimally matched in the first round (that is, no other subject within the required age range had a smaller difference in BW to the exposed subject), the same subject was retained in the second round of matching. The percentage of changed matches from the first to the second round ranged from 18% (unexposed controls matched to subjects with ADHD exposed to alcohol) to 50% (unexposed controls matched to controls exposed to alcohol). A table of both rounds of individual matching is available as Supplementary Material (Supplementary Table 1) .
As a result of this individual matching procedure, the groups were highly similar demographically. One notable exception is lower mean IQ for subjects with ADHD who had been prenatally exposed to cigarettes compared with both unexposed subjects with ADHD and the unexposed controls (P ¼ 0.029 and P ¼ 0.002, respectively).
Neuroimaging. All subjects were scanned on a 1.5T Philips MRI scanner (Philips Healthcare, Best, The Netherlands). The imaging protocol and analyses have been previously reported. [36] [37] [38] [39] Briefly, a T1-weighted three-dimensional fast field echo scan of the whole head was acquired with 130 to 150 1.5-mm or 1.2-mm contiguous coronal slices. There were no differences in the distribution of 1.2-mm versus 1.5-mm scans between groups in any of the analyses reported.
For the volumetric analysis of the three-dimensional fast field echo scan, a mask of the intracranial space was required. This mask was based on a T2-weighted dual echo turbo spin echo scan with 65 to 75 3.0-mm contiguous coronal slices of the whole head or on the diffusion unweighted volume of a diffusion tensor imaging acquisition during the same session. Previous work has shown that the definition of intracranial volume is comparable using these two methods. 39 In addition, intracranial masks were manually edited if necessary to ensure accuracy across all scans.
All brain scans were coded to ensure rater blindness to subject identity and diagnosis. The T1 images were automatically placed in Talairach orientation 40 without scaling, by registering them to a model brain in Talairach orientation. 41 After linear registration to the T1-weighted image, the intracranial segment served as a mask for all further segmentation steps. The T1-weighted images were corrected for field inhomogeneities using the N3 algorithm. 42 An automatic image-processing pipeline was used to define the volume of total brain, cerebral and cerebellum volume, and gray matter (GM) and white matter (WM). The software used included updated versions of previously described histogram analysis, mathematical morphology operations and anatomical knowledge based rules to connect all voxels of interest. 43, 44 The gray/white separation algorithm takes into account the effects of partial voluming by calculating the proportion of GM, WM and cerebrospinal fluid for each voxel. 45 Figure 1 shows a typical GM probability map for cerebellum. Segments for cerebrum and cerebellum were visually checked and edited to ensure an accurate segmentation. Suboptimal scan quality precluded gray/white separation for 4 of 45 children in the analyses for cigarette exposure in ADHD, for 1 of 33 children in the analyses on alcohol exposure in ADHD and for 1 of 28 children in the analyses on control subjects exposed to alcohol.
Statistical analyses. We tested for group differences in demographic data using independent samples T-tests, w 2 or Fisher's exact test as appropriate.
The volume of total brain, cerebrum, cerebellum, and GM and WM in cerebrum and cerebellum were compared between groups. For cases where no gray/white separation was possible, the individually matched cases were also removed from the analyses (pairwise removal). Supplementary Table 1 documents four cases where no or suboptimal matching was possible. All analyses were repeated without these cases (based on pairwise removal) with no meaningful effect on any of the results. Therefore, we only report the results with all subjects included.
We used univariate analysis of variance to test for between group differences in volume and performed separate analyses of brain changes related to exposure for subjects with ADHD and controls. A linear polynomial contrast was specified to test our main hypotheses, where exposed subjects with ADHD, unexposed subjects with ADHD and unexposed controls were coded 0, 1 and 2, respectively. If the main effect and polynomial were both significant, we conducted post-hoc tests contrasting the exposed to the unexposed subjects with ADHD and the unexposed subjects with ADHD to the unexposed controls. In the analyses of exposed controls, we only tested the main effect of exposure.
As age and gender both have well-established effects on brain volume, [46] [47] [48] [49] [50] we included these parameters as covariates in the models. Furthermore, we included a dummy for scan slice thickness (1.2 versus 1.5 mm) as a covariate in all analyses. Analyses were first run for the groups matched by SES and repeated for the groups matched by BW. Table 1 lists the group characteristics of the samples matched by SES and BW. There was a small difference in IQ between subjects with ADHD who had been exposed to cigarettes and those who had not. However, there were no correlations between IQ and BW in any of the three subgroups in this analysis. The difference in IQ appeared to be more related to SES, as the only significant correlation was between SES and IQ for subjects with ADHD who had been exposed to cigarettes. This was driven by two outliers with low SES who also had low IQ (72 and 85, respectively). Table 2 shows the results of the analyses for subjects with ADHD who had been prenatally exposed (separately for nicotine and alcohol exposure). Table 3 shows the results of the analyses for typically developing controls who had been prenatally exposed versus controls who had not.
Results
Cigarette exposure. Although the rate of first-degree psychiatric morbidity was numerically elevated in first-degree relatives of subjects with ADHD who had been exposed to cigarettes compared with those who had not, this difference failed to reach statistical significance (Table 1) .
In the analysis of the ADHD group who had been exposed ( Table 2 , top panel), main effects and significant linear polynomial contrasts were found for total cerebellum volume and for cerebellar GM (Figure 2 ). For both measures, exposed subjects with ADHD had smaller volumes than unexposed controls, but there was not a significant difference between the unexposed subjects with ADHD and unexposed controls. Results from the same analysis for the groups matched by BW showed a similar pattern of results, with significant main effects and polynomials now found for all brain measures except cerebral WM. Importantly, the means for cerebellum GM volume still showed the same staircase pattern.
Controls who had been exposed showed a trend toward smaller cerebellar WM volume than unexposed controls, but this result fell short of significance (P ¼ 0.057, Table 3 , top panel). Results from the same analysis matched by BW showed further attenuation of differences between exposed and unexposed controls.
Alcohol exposure. There were no differences in the incidence of psychiatric morbidity in first-degree relatives between the subjects with ADHD who had and had not been exposed to alcohol.
In the analysis for subjects with ADHD (Table 2 , bottom panel), we found main effects of group and significant polynomial contrasts for total brain, total cerebral volume and cerebral GM volume and total cerebellum. Again, the pattern was most pronounced and with largest effect size for cerebellum. Post-hoc comparisons showed that cerebellum volume of unexposed subjects with ADHD did not differ from that of unexposed controls, whereas brain volumes of exposed subjects with ADHD did. Figure 3 shows the results for cerebral and cerebellar GM, where unexposed subjects with ADHD show reduced volume compared with unexposed controls for cerebellar GM only. In the analysis for the groups matched by BW, all main effects were no longer significant, with only total cerebellum volume approaching significance (P ¼ 0.057) ( Table 2) .
There were no differences in brain volume between controls who had and had not been exposed to alcohol (Table 3 , bottom panel). Results from the same analysis matched by BW were similar (Table 3 ).
Discussion
We report that prenatal exposure to both cigarettes and alcohol is related to changes in brain volume. For prenatal exposure to cigarettes, we found a graded pattern, where children with ADHD who had been exposed had the smallest cerebellum volumes, followed by unexposed subjects with ADHD, and the largest volumes in unexposed controls. These results are consistent with separate effects of prenatal exposure and ADHD on cerebellum volume. In controls, a similar effect fell short of statistical significance. For prenatal Figure 1 A typical gray/white probability map in cerebellum for a subject in this study. GM, gray matter.
Prenatal exposure and cerebellum volume P de Zeeuw et al exposure to alcohol, we found main effects on cerebral volume and cerebral GM and cerebellum, with again the most pronounced graded effect on cerebellum. However, this graded effect was less clear than for cigarette exposure. Together, our results suggest that the neurobiological mechanisms involved in translating prenatal exposure to alcohol or cigarettes into a risk factor for developing ADHD may involve cerebellum. 1, 7 One important question that arises from the recent literature on prenatal exposure and ADHD, 4, 28, [51] [52] [53] [54] [55] is whether shared genetic effects can explain both the use of cigarettes or alcohol during pregnancy and genetic transmission of ADHD. Although we have no measures to directly address this hypothesis, we did assess the rate of psychiatric morbidity in first-degree relatives of our subjects with ADHD. If G Â E correlation or pleiotropy were indeed mediating these effects, we would expect an increase in this rate for prenatally exposed subjects with ADHD. We found no evidence of such an increase. In addition, the staircase pattern of our results for cerebellum volume suggests that both genetic and environmental effects may be affecting the brain phenotype, with prenatally exposed subjects with ADHD taking a 'double hit'. Finally, we have previously shown that cerebellum volume is reduced in children with ADHD but not in their unaffected siblings, which also suggests that non-familial factors are relevant to this brain region in ADHD. 56 Notably, we found no effect of prenatal exposure to alcohol on brain volume in controls. Combined with recent findings that ADHD is more likely to be diagnosed in the children of parents with alcohol dependence, 54 this could be taken to suggest that the effect of prenatal alcohol exposure on brain volume is likely to be more genetically mediated than that of cigarette exposure. However, the magnitude of alcohol exposure in our sample was generally low in comparison with the extant literature, suggesting that a dosage effect may also be in play.
The relevance of prenatal factors for adult disease is addressed in the developmental origins of health and disease hypothesis. 57, 58 One element of this hypothesis is that in the event of adverse prenatal circumstances, brain tissue may be spared relative to other tissues, such as muscle, 59 and general metabolic programming and that this may be evidenced by such factors as body composition later in life. 60 In our data, we find no evidence for effects of prenatal exposure to teratogenic substances on body mass index, either at birth or at the time of scanning. This does not seem to support the brain-sparing hypothesis. However, psychiatric phenotypes are increasingly becoming a focus of the developmental origins of health and disease, where epigenetic effects of prenatal exposure have been put forward as a candidate mechanism of action. 12, 58 Our data may be consistent with such an interpretation, as they suggest both genetic and environmental effects on the brain.
We repeated all our analyses on a data set matched for BW rather than SES to test whether our results were specific to prenatal nicotine or alcohol exposure or rather more generally related to a suboptimal prenatal environment.
12,61 Although we felt that this analysis was informative enough to pursue, it should be noted its interpretation is complicated by the fact that prenatal exposure to alcohol or nicotine are both related Table 2 Brain volumes for subjects with ADHD prenatally exposed to teratogenic substances and matched controls (both subjects with ADHD who were not exposed and control subjects who were not exposed) Abbreviations: ADHD, attention-deficit/hyperactivity disorder; ex, exposed; ME, main effect; unex, unexposed; 0v2, ADHD-ex vs control-unex; 0v1, ADHD-ex vs ADHD-unex; 1v2, ADHD-unex vs control-unex. a Significant MEs (at a ¼ 0.05) are reported in boldface. All linear polynomials of the significant MEs were also significant. Prenatal exposure and cerebellum volume P de Zeeuw et al Figure 2 The effect of prenatal exposure to cigarettes is most pronounced in cerebellum. Cerebellum and cerebellum gray matter volume for subjects with attention-deficit/ hyperactivity disorder (ADHD) who were prenatally exposed to cigarette smoking, subjects with ADHD who were not and unexposed typically developing control subjects. Standardized data, residualized for the covariates in the analysis of variance are shown in gray, with group means and s.e. in black. Figure 3 The effect of prenatal exposure to alcohol is most pronounced in cerebellum. Cerebral and cerebellum volume in subjects with attention-deficit/hyperactivity disorder (ADHD) who were prenatally exposed to alcohol, subjects with ADHD who were not and unexposed control subjects. Standardized data, residualized for the covariates in the analysis of variance are shown in gray, with group means and s.e. in black.
Socioeconomic status matching
to reduced BW. 3, 11 As such, by matching for BW we may in fact be overcorrecting for a variable of interest. In addition, matching for SES may also have provided more ecologically valid control over other factors affecting BW such as maternal nutrition. 35 The general pattern of results in the analyses with data matched by BW was similar to that found in the analyses for groups matched by SES. For cigarette exposure, the brain volumes of exposed subjects with ADHD now resembled those of unexposed subjects with ADHD more closely. However, cerebellum GM volume still showed the staircase pattern of results. For alcohol exposure, none of the main effects found for groups matched for SES met significance, although a suggestive trend for cerebellum volume remained. This strengthened our conclusion that, similar to cigarette exposure, the most pronounced effect of alcohol exposure was on the cerebellum. In sum, these analyses show that whereas some of the effects of prenatal exposure to cigarettes and alcohol may be aspecific, there also appears to be a direct effect of exposure on brain volume, in particular on the volume of cerebellum.
There are some further limitations associated with our study. First, it is a naturalistic retrospective study of modest size. Furthermore, retrospective reports of substance use should always be considered with a certain level of caution. However, research has shown that maternal reports on the use of teratogenic substances during pregnancy are generally reliable, especially when dichotomized, as was done here. 62 Importantly, it was impossible for us to control for mediating factors such as maternal nutritional status, timing of use and dosage or postnatal developmental environment in a naturalistic study.
10,11 Therefore, we chose to use SES as a primary matching criterion. SES is often correlated with these confounding factors, offering some control over these issues. By repeating all analyses while controlling for BW, we were able to further address the specificity of our findings.
In conclusion, our results show that prenatal exposure to alcohol or nicotine is relevant to the volume of cerebellum. Our results are consistent with separate effects of prenatal exposure and ADHD on cerebellum volume. As such, they suggest that in ADHD, there may be an effect of prenatal exposure per se that cannot be fully explained by pleiotropic genetic effects.
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